During the procedure the mechanical function of the LA and PV sleeves were estimated by transesophageal echocardiography and manometry in the left heart chambers. Results: During the invasive study the patterns of the heart chambers and PV sleeves pressure were identified. These patterns confirmed the active role of the PV sleeves in LA filling and active LA relaxation during left ventricular systole. After PV isolation an alteration of transmitral blood flow and increase of LA pressure were registered. However, diastolic dysfunction was ruled out by LV manometry, thereby testifying LA mechanical function disturbance. The change in PV hemodynamics also occurred as a result of the decrease in PV sleeves contractility, revealed by manometry and paired CT scans. Conclusions: The PVs take an active part in left atrial filling by contraction of their sleeves.
Introduction
Traditionally, left atrial mechanical function implies three different mechanisms: the left atrium (LA) actively empties immediately before the onset of left ventricle (LV) systole, the LA is a reservoir that stores pulmonary venous return during LV contraction and isovolumic relaxation, the LA passively empties into the LV down the pressure gradient during LV diastasis [1] . Up to this day, LA mechanical function has been evaluated only in the context of its stunning, which is the development of LA appendage mechanical dysfunction usually accompanied by spontaneous echocardiographic contrast [2] . Mechanisms of stunning are well known, but the overwhelming majority of data concerning these mechanisms were obtained in experimental studies on isolated heart specimens [3] . The analysis of LA mechanical function in humans in so far published studies included peak A presence and amplitude in transmitral blood flow [4] [5] [6] , measured by the LA dimensions and volume [7] or LA appendage outflow velocity [8, 9] . The majority of studies suggested only the fact of contractility decrease or the presence of spontaneous echo contrast after the restoration of the sinus rhythm [10] ; in a few studies, there were control groups with sinus rhythm at baseline [2] . As to the LA and pulmonary vein (PV) sleeves mechanical function after their antrum isolation in sinus rhythm patients, in none of the studies the evaluation of any pathogenetic component alteration has been undertaken.
PV sleeves are established as the main arrhythmogenic substrate taking part in the mechanisms of atrial fibrillation (AF) initiation and maintenance [11] [12] [13] [14] . However, we have extremely few data concerning their physiological role, namely their direct or mediated participation in contractile function of the heart. Recently, the role of the PV sleeves receptor complex in inotropic responses was established [15] , and contradictory data concerning their muscle fibers active contraction was obtained [16] [17] [18] . Some authors linked physiological means of this contraction with an obturative function of PV sleeves preventing blood regurgitation during atrial systole [11] . These data were also obtained mainly in experimental studies in animals. There are unpublished reports indicating the ability of the PVs to change the diameter of their ostia during the cardiac cycle. The question is whether these diameter changes depend on active muscle contraction or on passive stretching by the blood pressure.
The objective of the study is to estimate the mechanical function of the LA and PV sleeves before and early after their antrum isolation.
Materials and methods
A total of 17 consecutive patients (12 men and 5 women) with a mean age of 57.4 AE 8.3 years were enrolled in the noncontrolled study. The duration of symptoms was 25.2 AE 8.1 months. In 12 patients, arrhythmia was considered idiopathic; 5 of them had postmyocardial infarction syndrome 17.2 AE 6.1 months ago and underwent percutaneous coronary revascularization. All of the patients suffered from paroxysmal atrial fibrillation due to which they underwent antrum PV isolation. All patients had sinus rhythm before, during and immediately after ablation. No one had echocardiographic signs of LA ''stunning.'' The day before the procedure the ECG-gated contrast multislice computed tomography (MSCT) of the LA and PVs in 4-D mode and simultaneous transmitral blood flow dopplerography were performed. For MSCT a 64-sliced Somatom Sensation 64 (Siemens, Germany) computed tomographic scanner was used. For LA opacification, 100-mL bolus of 350-mg/mL contrast agent was injected in the cubital vein with an automated injection device at a pump rate of 5 mL/s. The section thickness of axial scans was 1 mm with a 0.9-mm interval. Multiplanar and 4-D images were analyzed on a Leonardo workstation (Siemens, Germany) using cardiology preset. ECG gating allowed obtaining images in all the phases of the cardiac cycle. For transthoracic dopplerography Aloka SSSD-5500 Prosound (Aloka, Japan) scanner with sector 3 MHz phased-array transducer was used. After simultaneous registration of both data, the cardiac cycle was divided into 10 equal intervals with an increment of 10%. At the beginning of each interval the diameters of each PV at the sleeve level were measured ( Fig. 1 ), then these measurements were compared with transmitral blood flow pattern (Fig. 2) .
During the PV isolation procedure the mechanical function of the left atrium and PV sleeves was estimated by simultaneous transesophageal echocardiography and invasive manometry in the left heart chambers including the balloon inflated PV sleeves ( Fig. 3A and B) .
The elastic balloon was inflated by contrast until total occlusion of the PV lumen but not overdistenting the PV sleeves. This was verified by the absence of contrast interflow from the PVs to LA chamber (Fig. 3C ). These measurements were performed before and after PV antrum isolation. The total pressure in the balloon consists of three components: LA pressure, pulmonary capillary wedge pressure and the assumed pressure of PV sleeves contraction. As far as the pulmonary capillary wedge pressure is relatively equal to the LA pressure, their sum is constant, and pressure fluctuations in the balloon are almost entirely due to the compressive strength of the PV sleeves (Fig. 3D) .
For echocardiography, an Aloka SSSD-5500 Prosound (Aloka, Japan) scanner with a transesophageal 5 MHz biplane transducer was used.
PV isolation was performed under general anesthesia. The electrophysiological study with left atrial anatomical mapping was carried out in all the cases using CARTO3 (Biosense Webster, USA-Israel) navigation mapping system and Biotok-1000 (Biotok, Russia) electrophysiology recording system. The left atrium was accessed through a transseptal puncture under transesophageal echocardiographic control. Radiofrequency lesions were made in an irrigated mode of 17 mL/min with the power of 30-40 W and the temperature of 40 8C-45 8E using Navistar Thermocool and EZ Steer Thermocool NAV (Biosense Webster, USA) catheters. PV isolation was verified electrophysiologically in all the cases. The mean duration of the procedure was 132 AE 34 min and fluoroscopic time was 48 AE 18 min.
The variables were presented as means and standard deviations. All the statistical calculations were done with the Statistica 6.0 software package (Statsoft, USA) using paired Student's t test.
Results
In the majority of patients, there were changes of transmitral blood flow pattern typical of LV diastolic dysfunction. A baseline pattern of normal LV filling transformed into pseudonormal in 2 of 12 cases (17%), and restrictive in 10 cases (83%). In all the five cases of initially hypertrophic diastolic dysfunction, the restrictive type of LV filling was observed after the procedure (Fig. 4) . Meanwhile, invasively measured end diastolic LV pressure after PV isolation remained constant: 8.2 AE 2.3 and 8.3 AE 2.2 mmHg, respectively; therefore, indicating the association of the changes with the mechanical dysfunction of the LA itself, but not with LV diastolic dysfunction. While assessing the blood flow in the pulmonary veins the decrease in both antegrade and retrograde peak velocities was observed (Table) . The duration of the retrograde phase of the PV flow also showed LA mechanical, namely reservoir, function disorder. Invasive manometry revealed the significant increase in maximal, mean and minimal left atrial pressures. At the same time, no statistically significant changes in LA volume and LA appendage outflow velocity were observed, so PV isolation does not change the contractility of the appendage, which is the main contracting structure in the LA. Active LA ejection fraction was either not affected but its passive ejection fraction was significantly decreased. The mechanical function of 8PV sleeves was investigated in the same patients.
In humans in in vivo the cyclic changes in the PV sleeves were found, their maximal narrowing coinciding with transmitral blood flow E and A peaks (Fig. 2) . PV sleeves narrowing during ''passive'' LV filling may be associated both with the blood flow by the pressure gradient between the PVs and LA and with active PV sleeves contraction. During LA systole, the blood flow in the PVs is retrograde, so the PVs should widen, but, on the contrary, they shrink. This fact gives evidence of active LA filling by PV sleeves contraction. Another hypothesis that could explain this finding is hemodynamic ''underthrust'' of pulmonary vessels tone, which is known as a mechanism of transmitral blood flow changes in the presence of LV diastolic dysfunction. However, this mechanism was also ruled out because in this case the PVs should also widen, not shrink.
Dealing with the obtained data, it was impossible to eliminate completely the third unknown mechanism that affects the cyclical changes in the LV diameter. Therefore, mechanical function of PV sleeves was examined by simultaneous transesophageal echocardiography and invasive manometry in the LV, LA and balloon inflated PV sleeves ( Fig. 3A and B) .
When analyzing the data obtained, it was possible to find several stereotypical changes in hemodynamics and mechanical properties of the LA and PVs:
1. Peaks of the balloon pressure do not fully coincide with transmitral blood flow E and A peaks. The first pressure increase in the balloon precedes peak E and the beginning of diastole and coincides with the beginning of the isovolumic relaxation period (Fig. 5 ). 2. The pressure in the PVs during transmitral blood flow peak E should decrease because at this moment, LA passively empties, but, on the contrary, it increases. Therefore, during passive LV inflow the PV sleeves contract. 3. There is high pressure in the LA and the balloon also at the time of active atrial systole; therefore, at this moment the PV sleeves also contract. The end of peak A, as we recall the results of MSCT data analysis, coincides with a minimum diameter of the LV. In addition, the balloon pressure is falling more slowly than in the LA, reaching a minimum before LV systole, which occurs at the end of isovolumic contraction. Consequently, during peak A the PV sleeves contract. 4. At the beginning of LV systole the pressure in the occluded PVs and LA decreases. However, as we know from physiology, at this moment the blood flow in the nonoccluded PVs is anterograde. This contradicts active LA relaxation during LV systole. 5. After electrophysiologically verified PV isolation damping of the pressure curve in the balloon occurs, which evidences the disappearance of active mechanical function in the PV sleeves (Fig. 6A ). MSCT imaging also shows a marked decrease in PV diameter variation (Fig. 6B ).
Discussion
AF itself makes a significant influence on the LA contractile function after the restoration of sinus rhythm. This manifests in such a well-described phenomenon as a left atrial stunning. In order to exclude this mechanism, in the present study only patients with paroxysmal AF having the sinus rhythm before the ablation and no initial LA and PV sleeves mechanical disorders were included. The data obtained in this study implies that antrum PV isolation itself strongly deteriorates the LA reservoir function. It does not change the contractility of the LA appendage, although the appendage is known to be the main contracting structure in the LA. This is logical because, according to the design of LA isolation, it has not been impacted. As indicated in previous works [19, 20] , pathogenesis of LA compliance deterioration has been well studied in the model of LV diastolic dysfunction. The main manifestation of this condition is a dramatic increase in LA end-systolic pressure and the emergence of a restrictive pattern of transmitral flow and flow in the PVs. It is characterized by a very rapid increase in the velocity of early diastolic filling (peak E) and a simultaneous decrease in the rate of the peak A (atrial systole). The present study was carried out with simultaneous invasive measurement of LV pressure; therefore, LV diastolic dysfunction was completely ruled out. This gave us a reason to state that the main cause of the revealed changes is namely the deterioration of the mechanical function of the LA and LP sleeves. The ''stiff left atrial'' syndrome, associated, of course, with massive radiofrequency exposure, plays an important role in the ''pseudorestriction'' of the transmitral blood flow [13] . It should be mentioned that ''pseudorestriction'' is a common finding in patients who had undergone sinus rhythm restoration, not only by radiofrequency ablation [21, 22] . Obviously, one of the main contributing mechanisms is the changes in the PV hemodynamics due to their violations of their sleeves contraction. This was confirmed by methods that involved a direct measurement, which could allow excluding the ambiguity in the interpretation. The most important and open questions are whether the recovery of LA and PVs mechanical function occurs late after the procedure or these changes are irreversible, what their clinical significance is, if they have a significant effect on central and intracardiac hemodynamics as well as the risk of thrombosis.
Conclusions
The PVs take an active part in LA filling by contraction of their muscular sleeves. Antrum PV isolation leads to the deterioration of LA reservoir function and LV contractile function.
